A ge-related macular degeneration is the leading cause of visual impairment in the elderly and the most common cause of blindness in Western countries. 1 It affects the macular region of the retina. The macula has a high density of photoreceptors and provides detailed central vision. In the early stages of the disease (referred to as age-related maculopathy), deposits called drusen develop between the retinal pigment epithelium and underlying choroid. 1 Later, the disease is manifested as either extensive atrophy of the retinal pigment epithelium and overlying photoreceptor cells (geographic atrophy) or aberrant choroidal angiogenesis (choroidal neovascularization). 1 Both of these conditions can lead to a loss of central vision. The pathogenesis of age-related macular degeneration is poorly understood. As with other late-onset chronic diseases, susceptibility is influenced by age, ethnic background, and a combination of environmental and genetic factors. 1,2 Smoking status and family history are well-established determinants of risk. 1, 2 Recently, polymorphisms in the genes coding for complement factor H (CFH) and complement factor B (CFB) have been shown to be predictors of risk for age-related macular degeneration. [3] [4] [5] [6] [7] [8] [9] [10] [11] Another susceptibility locus has been mapped to chromosome 10q26; the causative variation probably lies in a hypothetical gene called LOC387715 or in the promoter of the neighboring gene HTRA1. [11] [12] [13] [14] The population attributable risk associated with variants in CFH, CFB, and LOC387715/ HTRA1 is at least 50%. 11 CFH and CFB are key components of the alternative complement pathway. Their involvement in age-related macular degeneration, together with the finding that drusen contain proteins associated with inflammation and immune-mediated processes, 15 supports the hypothesis that inflammation and complement activation influence the pathogenesis of age-related macular degeneration. To test whether variants in other genes encoding proteins in the complement pathway influence susceptibility to age-related macular degeneration, we genotyped single-nucleotide polymorphisms (SNPs) spanning the complement genes C3 and C5, encoding central proteins in the complement cascade, in subjects with age-related macular degeneration and in control subjects.
Me thods

Cases and Controls
We studied three case-control groups, two in England and one in Scotland. English group 1 comprised 446 case subjects with end-stage age-related macular degeneration (geographic atrophy or choroidal neovascularization) and 267 control subjects, who were spouses of the index patients. All subjects were recruited from ophthalmic clinics in eight hospitals in southeastern England from 2002 to 2004. 7 English group 2 comprised 157 case subjects with end-stage age-related macular degeneration and 83 controls (67 spouses and 16 friends of index patients) recruited from 2003 to 2005, the majority from Moorfields Eye Hospital in London and the remainder from southeastern England. All subjects described themselves as "white" rather than "other" on a recruitment questionnaire.
The Scottish group comprised 505 case subjects with age-related maculopathy or end-stage age-related macular degeneration and 351 control subjects. A total of 337 case subjects from the Lothian region were recruited from ophthalmic clinics in Edinburgh and 46 case subjects from hospitals in Dundee and Inverness from 2004 to 2006. Control subjects, who were recruited from the same sources in similar proportions, comprised 32 spouses and 174 subjects who had undergone cataract surgery. Another 122 case subjects and 145 controls came from the 1921 Lothian birth cohort. 16 Written informed consent was obtained from all subjects. The research protocol was in keeping with the provisions of the Declaration of Helsinki, and approval was obtained from a multicenter research ethics committee and from research ethics committees for each institution. Subjects were examined by an ophthalmologist, and data were collected regarding medical history, lifestyle, and smoking history. Color, stereoscopic fundus photography of the macular region was performed in all subjects. For English subjects, the images were graded at the Reading Centre, Moorfields Eye Hospital, with the use of the International Classification of Age-Related Maculopathy and Macular Degeneration. 17 For Scottish subjects, a study investigator graded images; for validation, images from 100 case subjects and controls were independently graded at the Moorfields Reading Centre (kappa statistic, 0.84). Eight prospective English controls with age-related macular degeneration and 60 prospective Scottish controls with age-related maculopathy were reclassified as case subjects. Data on disease status, sex, age, and smoking history of subjects are provided in Table 1 .
Genotyping
We extracted genomic DNA from peripheralblood leukocytes. We selected SNPs spanning the C3 and C5 genes from the International HapMap Project 18 data (release 19) for the Centre d'Étude du Polymorphisme Humain (CEPH) population (Utah residents with ancestry from northern and western Europe). Criteria for the selection of SNPs were high heterozygosity with a minor allele frequency of at least 10%, tagging of the most common haplotypes, and coverage of the main blocks of linkage disequilibrium. The C3 SNP rs2230199 -which is predicted to result in a substitution of a glycine residue for arginine at position 80 (Arg80Gly) -generates the "fast" electrophoretic allotype of C3 (called C3F); the alternative allotype is "slow" (C3S). 19, 20 We included this SNP in the analysis to provide extra coverage and because of evidence of a functional difference between the two alleles. On the basis of our initial analysis, we included rs1047286 (Pro292Leu), which has a known association with rs2230199. 20,21 Initial genotyping was carried out in English group 1. Markers of interest were genotyped in group 2 when samples became available. Data from the Scottish group were used for replication.
We performed genotyping in English subjects with the use of a single-nucleotide primer extension assay (ABI Prism SNaPshot Multiplex Kit, Applied Biosystems) and a genetic analyzer (ABI Prism 3100, Applied Biosystems) and in Scottish subjects -for rs2230199 and rs1047286 -with the use of competitive allele-specific polymerasechain-reaction assays (Taqman SNP Genotyping Assay, Applied Biosystems and KASPar SNP Genotyping System, KBiosciences, respectively). Manufacturers' protocols were followed.
Statistical Analysis
We used the chi-square test for comparisons of categorical variables and allele and genotype frequencies and to check for Hardy-Weinberg equilibrium. All P values were calculated with two-sided tests, and no correction was made for multiple testing. The Mann-Whitney U test was used to compare the ages of case subjects and controls. Logistic-regression analysis was used to investigate interactions between genotype and other variables and to estimate odds ratios and 95% confidence intervals. The covariables of age and smoking history were included in the logistic model if univariate analysis had shown a significant difference. Odds ratios for categorical variables were estimated in relation to a reference category. Data were analyzed with the use of the SPSS statistical software package, version 11.0. The population attributable risk was calculated from the formula 100D ÷ (1 + D), in which D was equal to P 1 (RR 1 -1) + P 2 (RR 2 -1), where P 1 and P 2 are the frequencies of the at-risk genotypes, and RR 1 and RR 2 their associated relative risks, as compared with the low-risk genotype. For the purposes of estimation, odds ratios were equated to relative risks, since the disease prevalence is low.
R e sult s
In the initial screening, 12 SNPs spanning C3 and C5 (those listed in Table 2 , excluding rs1047286) were genotyped in 446 case subjects with late-stage age-related macular degeneration and 267 control subjects (English group 1). No evidence of an association was found with variants in C5 (Table 2 ). In C3, the expressed SNP rs2230199 showed strong evidence of an association (P<0.001) and was genotyped in an additional 157 case subjects and 83 controls (English group 2). The enlarged sample also provided strong evidence of an association (P = 5.9×10 -5 ) ( Table 2) .
To test for replication of this finding, rs2230199
was genotyped by a different laboratory in 244 case subjects with late-stage age-related macular degeneration, 261 case subjects with age-related maculopathy, and 351 controls (Scottish group). Again, there was a highly significant association between the minor allele and age-related macular degeneration (P = 5.0×10 -5 ) (Table 3) . International HapMap Project 18 data for the CEPH population showed that rs2230199 had an r 2 value of 0.75 with rs2230203 but a low r 2 value with other C3 SNPs in our marker panel and with other C3 SNPs in the HapMap data set. SNP rs2230203 did not show a significant association with agerelated macular degeneration in group 1 alone, but there was weak evidence of an association in groups 1 and 2 combined ( Table 2) . Because of the known association between the allotypes of rs2230199 and the expressed C3 SNP rs1047286, the English and Scottish subjects were genotyped for this marker (Tables 2 and 3 ). The minor allele frequency was significantly higher in case subjects than in controls in both groups, but the association was not as strong as for rs2230199. Stepwise logistic-regression analysis confirmed that rs2230199 is a significantly better predictor of risk for age-related macular degeneration. With this SNP in the model, adding rs1047286 made no contribution (P = 0.90). With rs1047286 in the model, adding rs2230199 produced a significant improvement in fit (P = 0.02).
Odds ratios for age-related macular degeneration as a function of rs2230199 genotype are given in Table 4 . Results for the English and Scottish groups were similar. In the combined data set, with the common CC genotype as the reference, the odds ratio was 1.7 for CG heterozygotes and 2.6 for GG homozygotes. The estimated population attributable risk for this variant was 22%.
Subgroup analysis that was confined to case subjects with only choroidal neovascularization showed a highly significant association in both case-control groups. For case subjects with only geographic atrophy, the association was significant in the English group (P = 4.6×10 -4 ) but not in the Scottish group, which had fewer subjects with geographic atrophy. The Scottish group included case subjects with age-related maculopathy, and in this subgroup the association fell just short of significance (Table 3) .
Data on other susceptibility loci for age-related macular degeneration were available for English group 1. Results for CFH Y402H have been pub- lished previously and are in agreement with other reports. 7 Odds ratios and population attributable risks for LOC387715 (rs10490924) and CFB (rs641153) are given in Table 5 . The results are similar to those of other studies, except that we found a lower odds ratio for rs10490924 homozygotes. When these variables were included in the stepwise logistic model, C3 rs2230199 remained significant, with an odds ratio of 1.4 for CG heterozygotes and 3.3 for GG homozygotes (with CC genotype as the reference), confirming that these susceptibility loci are independent risk factors.
Dis cus sion
Our study showed a strong association between the complement C3 S/F (Arg80Gly) polymorphism and age-related macular degeneration, with similar findings for geographic atrophy and choroidal neovascularization. The C3F allele frequency is approximately 20% in white populations but lower in other ethnic groups. For age-related maculopathy, the association fell just short of significance, raising the possibility that this polymorphism has less influence on the earlier stages of the disease. The complement system comprises more than 30 plasma and cell-surface proteins. It mediates the host defense against pathogens and the elimination of immune complexes and apoptotic cells; it also facilitates adaptive immune responses. 22 C3 is the most abundant complement component, synthesized predominantly in the liver but to a lesser extent in other cells and tissues. Significant C3 messenger RNA is detectable in the neural retina, choroid, retinal pigment epithelium, and cultured retinal-pigment-epithelium cells. 15 Cleavage of C3 into C3a and C3b is the central step in complement activation and can be initiated by the classic antibody-mediated pathway, the lectin pathway, or the alternative complement pathway. 22 C3b attaches to pathogens or other target surfaces and binds factor B, which is then cleaved. The resulting C3bBb complex has C3 convertase activity, which amplifies the response by further cleavage of C3 and leads to the formation of C3b 2 Bb complexes with C5 convertase activity. This brings about cleavage of component C5 and recruitment by C5b of components C6 through C9 to form a large molecular pore on target membranes (the membrane attack complex), resulting in cell lysis. 22 (31) 14 (4) 0.20 117 (49) 100 (42) 22 (9) 0.30
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Drusen contain C3 and its activation products, as well as C5, membrane attack complex, and CFH, 6,15 supporting the hypothesis that local inflammation and activation of the complement cascade contribute to the pathogenesis of age-related macular degeneration. Further support for this hypothesis comes from conclusive evidence that variants in CFH influence susceptibility to age-related macular degeneration. 3-9 CFH is a key regulator of the alternative complement pathway and prevents uncontrolled complement activation. Variants in factor B also appear to influence susceptibility to age-related macular degeneration. 10,11 In mice, activation of complement and formation of the membrane attack complex are essential for the development of laser-induced choroidal neovascularization. Indeed, the finding that choroidal neovascularization cannot be induced by laser coagulation in C3 −/− mice demonstrates the key role of C3 in this process. 23 As a result of cleavage of C3 to form C3b, the molecule undergoes conformational changes that expose several binding sites, including the thioester moiety, which is essential for C3b binding to target surfaces. 24 Exposure of this activated acyl-imidazole intermediate requires a substantial relocation of the thioester-containing domain to a position adjacent to the first macroglobulin domain. 24 Arg80 together with Arg72 and Lys82 forms a positively charged patch on the surface of this domain, which, in C3b, is brought into close proximity with the negatively charged carboxyl groups of several amino acids on the surface of the thioester-containing domain (Fig. 1) . Substitution of an uncharged glycine for the positively charged Arg80 is predicted to weaken the interaction between these oppositely charged surfaces and could potentially influence thioester activity or other binding interactions of the thioester-containing domain, including a probable C3b/C3d binding site with CFH. 25 It follows that there could well be functional differences between the C3 S/F variants.
Direct experimental evidence of functional differences in vitro between the C3 S/F allotypes is not conclusive. Arvilommi 26 reported that erythrocytes coated with C3F showed greater rosetting with peripheral-blood mononuclear cells than those coated with C3S. Welch et al. 27 studied uptake on sheep erythrocytes, hemolytic activity, conversion to inactive C3b, and capacity to solubilize preformed immune complexes. The only significant difference was that C3F had lower activity than C3S in a hemolytic assay using sensitized sheep erythrocytes as a result of a small difference in cell-surface binding. Bartók and Walport 28 found no differences between binding of C3S and C3F and the major complement receptor types 1, 2, and 3.
On the other hand, there is compelling indirect evidence of a functional difference between C3S and C3F. A recent study has shown that the C3 S/F genotype is an important determinant of the long-term outcome of renal transplantation. 29 In recipients who were C3S homozygotes, graft survival was substantially prolonged and renal function significantly better with C3 F/F and C3 F/S donor kidneys than with C3 S/S kidneys.
Several associations of disease with C3F have been reported, including IgA nephropathy, 30 systemic vasculitis, 31 partial lipodystrophy, and membranoproliferative glomerulonephritis type II (MPGNII). 32, 33 The association with MPGNII is particularly relevant. This is a rare disease characterized by complement-containing dense deposits in the glomerular basement membrane of the kidney. 34 The condition is caused by uncontrolled activation of the alternative complement pathway. In the majority of patients, the condition is associated with serum C3 nephritic factor, 34 an autoantibody directed against the C3bBb complex, but rare cases associated with mutations in CFH have been reported. 35 A similar form of glomerulonephritis develops in CFH-deficient pigs 36 and CFH knockout mice. 37 The interface of the capillary tuft, the glomerular basement membrane, and the glomerular epithelial cells in the kidney is similar in structure to the interface involving choriocapillaris, Bruch's membrane, and retinal pigment epithelium in the eye, and macular drusen similar to those in age-related macular degeneration develop in patients with MPGNII, but at a much younger age. 38 These lesions are structurally and compositionally identical to those in patients with age-related macular degeneration and show immunoreactivity to complement C5 and C5b-9 complexes. 39 Drusen have also been reported in patients with partial lipodystrophy. 40 The association of MPGNII and partial lipodystrophy with C3F fits well with our current findings.
In summary, our study shows a strong association between the C3F variant and age-related macular degeneration, and there is evidence of functional differences between the C3 S/F allotypes. It follows that C3F is likely to have a causal role in the disorder. The estimated population attributable risk in the white population is 22%. These findings add to our growing understanding of the genetics of age-related macular degeneration and provide conclusive evidence that the complement pathway has a key role in the pathogenesis of this common and debilitating condition. Dr. Dhillon reports receiving consulting fees from Novartis and Pfizer. No other potential conflict of interest relevant to this article was reported.
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25 Arg80 may also have interactions with negatively charged residues (not shown) in the complement C1r/C1s-UegfBmp1-containing domain, adjacent to the thioester-containing domain.
